MAGED1, NECDIN and MAGEL2 are members of the MAGE gene family. The latter two of these genes have been involved in Prader -Willi syndrome (PWS), which includes hyperphagia, repetitive and compulsive behaviors, and cognitive impairment. Here, we show that Maged1-deficient mice develop progressive obesity associated with hyperphagia and reduced motor activity. Loss of Maged1 also results in a complex behavioral syndrome that includes reduced social interactions and memory, deficient sexual behavior, as well as increased anxiety and self-grooming. Oxytocin (OT), which is produced in the hypothalamus, can act as a neurotransmitter that reduces anxiety, promotes social behaviors and regulates food intake. Growing evidences indicate that OT is involved in autism. We found that Maged1 mutants showed a severe reduction in the levels of mature OT, but not of its precursors, in the hypothalamus. Moreover, the administration of OT rescued the deficit in social memory of these mice. We conclude that Maged1 is required for OT processing or stability. A decrease in mature OT levels in Maged1 mutants affects social interactions and possibly other behavioral processes. Our observations suggest that, in human, MAGED1 could play a role in autism or cause a neurodevelopmental condition that is reminiscent of the PWS.
INTRODUCTION
Autism spectrum disorders (ASDs) refer to a group of developmental brain disorders that include autism per se, the Asperger syndrome and pervasive developmental disorder not otherwise specified. These disorders are typically characterized by severe deficits in socialization, communication difficulties, repetitive behaviors and, in some cases, cognitive delays (1) . The etiology of ASD is not well understood but was reported to depend on genetic factors, prenatal and perinatal factors, neuroanatomical abnormalities as well as environmental factors (2 -4) .
Oxytocin (OT) is a nonapeptide synthesized by magnocellular and parvocellular neurons in the paraventricular nucleus † Present address: Department of Biochemistry and Molecular Biology, Pham Ngoc Thach University of Medecine, 86/2 Thanh Thai District 10, Ho Chi Minh City, Vietnam. * To whom correspondence should be addressed. Tel: +32 81724277; Fax: +32 81724280; Email: olivier.debacker@fundp.ac.be # The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com (PVN) and supraoptic nucleus (SON) of the hypothalamus. OT is synthesized as part of a larger precursor protein (prohormone) that is processed by a series of enzymes to generate the biologically active amidated nonapeptide (5, 6) . The magnocellular axons of the PVN and SON secrete OT in the posterior pituitary, which then releases it in the bloodstream. OT can act as a hormone regulating the function of peripheral target organs, such as the mammary gland, uterus, penis and adipose tissue (7, 8) . OT can also act as a neuromodulator or neurotransmitter when it is released by the dendrites of the magnocellular cells and by the axons of parvocellular neurons that project to different brain areas (9, 10) . Genetic studies in humans, gene knockout experiments in mice and pharmacological studies showed that OT regulates social behaviors, including social exploration and recognition, aggression, pair bonding, parental care and interpersonal trust (11) . Several observations suggest the implication of the OT system in the etiology of ASD (11) .
NECDIN and MAGEL2, two members of the MAGE gene family, belong to a cluster of imprinted (paternally expressed) genes of chromosome 15 that fail to be expressed in patients with the Prader -Willi syndrome (PWS) (12, 13) . PWS is a rare disorder characterized by mild-to-moderate intellectual disabilities, repetitive and compulsive behaviors and hyperphagia leading to morbid obesity if not controlled (14, 15) . More than 30% of PWS individuals also have co-occurring ASD (16, 17) . Maternal duplications of the 15q11 -q13 chromosomal region, which contains NECDIN and MAGEL2, are the most frequent cytogenetic anomalies associated with autism (2) . Unexpectedly, these duplications appear to lead to a reduction in the levels of Necdin mRNA (18) . Knockout experiments in mice suggest that deficiency in NECDIN and MAGEL2 both contribute to PWS. Necdin-deficient mice display early post-natal lethality with variable penetrance (19, 20) . Surviving animals show features associated with PWS, including a reduction in the number of hypothalamic neurons producing OT and gonadotropin-releasing hormones, increased skin scraping and improved spatial memory, these two last features precisely evocating autistic behaviors (21, 22) . Magel2 deficiency also results in neonatal lethality with variable penetrance, resulting from impaired suckling activity and feeding associated with a reduction in OT production (23) . Surviving Magel2-deficient pups initially fail to thrive but develop increased adiposity with altered metabolism in adulthood (24, 25) . Loss of Magel2 also results in reduced fertility in both males and females (26) . Finally, Magel2-null mice display reduced levels of orexins in the lateral hypothalamus, altered circadian patterns of activity and increased anxiety in response to novel environments (27, 28) .
MAGED1 is an X-linked MAGE gene that is highly expressed in the nervous system (29, 30) . In this study, we report that Maged1-deficient male mice display anxiety-like behaviors, reduced sociability and impaired sexual behavior leading to a reduced fertility. These mice also develop late-onset obesity associated with hyperphagia and reduced locomotor activity. These behavioral traits, some of which evocating autistic traits in humans, are associated with and can be explained at least in part by a deficient production of mature OT in the hypothalamus of Maged1-deficient male mice.
RESULTS
Male infertility and abnormal sexual behavior in Maged1-deficient mice Our group previously generated Maged1-deficient mice by gene targeting (31) . Although these animals show reduced apoptotic cell death in some organs and delayed muscle regeneration, they develop without overt differences when compared with control littermates (31, 32) . Maged1 2 mice appear healthy with a normal body temperature, well-groomed coats, normal body posture and righting reflex (data not shown). Gross neurological examination revealed no distinct signs of altered sensory functions as assessed by simple tests of vision and audition (data not shown). Maged1 2 mice displayed normal grip strength and performed normally in a series of motor tests including the rotarod and the string test (Supplementary Material, Table S1 ). No significant difference in nociception was detected in the hotplate (except for a slightly reduced latency of the first reaction), tail flick and shock threshold tests (P . 0.05, Student's t-test) (Supplementary Material, Table S1 ). We therefore concluded that the Table S2 ). Daily checking for vaginal plugs showed that the reduced fertility was due to an absence of insemination. We therefore decided to compare the copulatory behavior of Maged1 + and Maged1 2 male littermates, monitored by video analysis, after the introduction of females in estrus. We found that the Maged1 2 males spent significantly less time investigating the anogenital region of the females and failed to display the expected copulatory behaviors (mounting, intromission and ejaculation) (Fig. 1A) .
A wide range of behaviors, including social, sexual and parental behaviors of mice and other rodents, depends critically on olfaction. To determine whether sexual behavior deficits could be due to impaired olfactory function, we performed two tests to evaluate the olfaction of the Maged1 2 mice. In the first test, we submitted Maged1 2 mice to an olfactoryguided foraging task. We found that Maged1 2 and Maged1 + littermates located buried food at similar speeds, indicating that perception of non-social odors was preserved in the absence of Maged1 (Maged1 + : 54.2 + 16.7 s, mean + SEM, n ¼ 6; Maged1 2 : 47.1 + 13.5 s, mean + SEM, n ¼ 7). In the second test, we evaluated the ability of the Maged1 2 mice to discriminate urinary pheromones from unfamiliar females and males in a habituation/dishabituation experiment. As shown in Figure 1B, 
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the Maged1 2 mice displayed normal responses to the stimuli, distinguishing the female and male urines like the Mage1 + controls. This indicated that the defective sexual behavior of the Maged1 2 males does not result from anosmy. As Maged1 is located on the X chromosome, the reduced fertility of the Maged1 2 males impairs the generation of Maged1 2/2 females, which are necessarily born from Maged1 2 fathers. All the following studies described in this work have thus been performed in Maged1 2 males born from mating between Maged1 +/2 females and Maged1 + males.
Reduced social interactions and vocalizations, and impaired social memory in Maged1-deficient males
The impaired sexual behavior of the Maged1 2 male mice raised the possibility that non-sexual social behaviors could also be disturbed in these animals. In an attempt to explore such behaviors, we first evaluated the sociability of these mice in a reciprocal social interaction test in which two unfamiliar mice placed in an open arena were allowed to interact freely. Social interactions were then recorded using a video camera and scored. Sociability was further evaluated in a three-chamber test in which mice are allowed to move freely in a box containing a central empty chamber, a chamber containing an unfamiliar mouse placed inside a corral and a chamber containing an inanimate object (33, 34) . Like wild-type controls, the Maged1 2 mice spent most of their time in the chamber with the stimulus mouse (Fig. 2B) (Fig. 2D) .
We evaluated the preference for social novelty and the social memory of the Maged1 2 mice by measuring the time spent in olfactory investigation of novel or familiar mice in a two-trial social recognition test (35) . In this test, Maged1 2 or Maged1 + males (n ¼ 6 for each genotype) were first exposed for 10 min to a stimulus female placed in a corral, the time spent by the male sniffing the female being recorded (trial 1). The female was then removed, and after a 30 min period, the subject male was exposed simultaneously to the same female (familiar) and to another female (novel) (trial 2). As expected, during trial 2, the wild-type males spent more time in investigating the novel female (Fig. 2E) . In contrast, the Maged1 2 mice interacted indifferently with the novel and the known female, indicating impaired social memory or no preference for social novelty. Again, on the course of this experiment, the Maged1 2 mice displayed reduced interactions with the stimulating females both in trial 1 (1.46 mean fold reduction, P ¼ 0.0455, unpaired t-test) and globally (trial 1 + trial 2) (1.52 mean fold reduction, P ¼ 0.0024, unpaired t-test), confirming their reduced sociability. Deficits of social interactions and reduced preference for social novelty were also observed when using juvenile males instead of females as stimuli in the same paradigm, showing that social deficits of the Maged1 Mice communicate by complex vocalization in the ultrasonic range in various social situations (36) . On the course of sexual interactions, the male vocalizations are considered to attract females and indicate high sexual arousal (37 + and Maged1 2 males was observed during 60 min after they were exposed to receptive (hormonally stimulated) females. (B) Olfactory habituation/dishabituation test showing the ability of both Maged1 + and Maged1 2 males to smell social odors. The first presentation of a water-soaked swab elicited moderate sniffing (1) that declined across the second (2) and third exposure (3) to water (habituation). The next presentation (4), a swab soaked in unfamiliar male urine elicited significantly more sniffing (dishabituation), which declined across the second (5) and third (6) presentations of the male urine odor. Similarly, sniffing resumed at a high level to the next new odor, a swab soaked in unfamiliar female urine (7), and declined across the two next female urine presentations (8) (9) .
production of vocalization when the mice were submitted to the electrical shock threshold test (see above), indicating that the Maged1 2 mice are normally potent for eliciting USV (data not shown). We concluded that the Maged1 2 males produced reduced USV responses to females in estrus.
Increased self-grooming and anxiety in Maged1
2 -deficient mice Self-grooming in mice is elicited in both comforting and stressful situations, stress inducing more frequent bouts of rapid grooming. High level of self-grooming also evocates compulsive behaviors characteristic of autism and is displayed by several mouse models of autism (38, 39) . During the course of the three chambers and social recognition tests, we noticed that the Maged1 2 mice spent much more time in selfgrooming than the Maged1 + controls ( + male mice were exposed to a female mouse stimulus and the interactions between the mice were recorded. After 30 min, the same female was presented together with a novel one and the time the males spent to interact with the familiar and the novel female was recorded and compared by paired t-test. Maged1 2 mice display globally reduced interactions with the stimulus females and showed no preference for the novel stimulus during trial 2. (F) Maged1 2 males produced reduced USV when stimulated by a female in estrous. The total number of USV emitted by Maged1 2 and Maged1 + males during the 2 min period after the introduction of the female in the male home cage. : 9.47 + 1.27 mean + SEM, n ¼ 8; P , 0.05) were increased in Maged1 2 mice. In order to determine whether the excessive self-grooming of the Maged1 2 mice was associated with anxiety, we submitted these mice to the open field and the elevated plus maze tests. The open field test allows quantitative analysis of the spontaneous locomotor activity, the willingness to explore and anxiety in rodents. In this paradigm, the mouse is placed in a box and allowed to move freely in the arena for 10 min while its ambulation is recorded by a video-tracking system. Maged1 2 mice stayed in the center zone as much as the controls, showing no increased thigmotaxis (avoidance of aversive open zones), an indicator of increased anxiety (Fig. 4A ). However, they traveled over a shorter total distance than the controls ( The elevated plus maze is used to assess anxiety-related behavior. The apparatus consists of a cross-shaped maze elevated above the floor with two oppositely positioned closed arms (secure places), two oppositely positioned open arms (aversive places) and a center area. Subject mice freely explore the maze and the preference for being in closed arms over open arms is calculated to measure anxiety-like behavior. In this test, the Maged1 2 mice spent more time than the controls in the closed arms, indicating increased anxiety ( The Maged1-deficient mice develop late-onset obesity associated with hyperphagia
We followed the weight of Maged1 2 and Maged1 + male littermates over a 1-year period. At the time of weaning (4 weeks), Maged1 2 mice weighed less than the controls (7.66 + 0.76 g, n ¼ 9 for Maged1 2 versus 11.21 + 1.12 g, n ¼ 9 for Maged1 + ; P , 0.05) (Fig. 6 ). However, after weaning, Maged1 2 mice started to catch up and their body weight curve crossed the wild-type curve at 30 weeks of age (Fig. 6) . DEXA-SCAN analysis showed that at 18 weeks of age, the body fat of the Maged1 2 males was already significantly increased (28.12 + 2.24%, n ¼ 5 for Maged1 2 versus 19.28 + 1.68%, n ¼ 6 for Maged1 + ; P ¼ 0.01), while the lean mass was decreased (71.92 + 2.24%, n ¼ 5 for Maged1 2 versus 80.14 + 1.43%, n ¼ 6 for Maged1 + ; P ¼ 0.01). At 1 year, the Maged1 2 mice were 30% heavier than the Maged1 + controls (Fig. 6 ). We measured the daily food consumption of 13-week-old mice and found that the knockouts ate 12% more food than the controls (4.5 g + 0.093, n ¼ 23 versus 4.0 g + 0.061; P , 0.001, n ¼ 23). This hyperphagia was not associated with a reduced leptin serum concentration (1094.91 pg/ml + 209.85, n ¼ 7 for Maged1 + versus 1175.4 pg/ml + 173.82, n ¼ 12 for Maged1 2 , aged of 20-26 weeks).
OT deficiency in Maged1-deficient mice
Several of the phenotypes associated with the loss of Maged1, such as the impaired social behavior and obesity, could result from a decrease in OT production. This hypothesis is also suggested by the reduced level of OT in the brain of mice deficient for Necdin or Magel2 (22, 23) . We thus sought to determine whether Maged1 disruption affects OT production. Our previous work showed that Maged1 is expressed at high levels in many parts of the mouse brain (29) . We further characterized Maged1 expression pattern in the hypothalamus by using in situ hybridization (ISH). As shown in Figure 7A , we detected high levels of Maged1 mRNA in the SON and the PVN, where OT is produced. Histological examination of the hypothalamus of adult Maged1 2 males revealed no obvious abnormalities. In order to determine whether OT production is affected in these mice, we performed immunolabelling of hypothalamus sections using the monoclonal anti-OT antibody 4G11, which specifically labels the mature form of OT (40) . Interestingly, very few positive cells were detected in the hypothalamus of the Maged1 2 males, while, as expected, the antibody stained a large population of neurons in the PVN and the SON of the Maged1 + control mice (Fig. 7B) . Counting the total number of labeled neurons in serial sections confirmed the deficit of OT-producing neurons in Maged1 2 animals (Maged1
. Measurements of OT levels in brain extracts by enzyme immunoassay (EIA) confirmed this deficit, with a more than 10-fold reduction in OT production in the brain of Maged1 2 mice (Fig. 7C) .
Arginine vasopressin (AVP) is a nonapeptide structurally and functionally closely related to OT. AVP is expressed in the suprachiasmatic nucleus, SON and PVN, where Maged1 is strongly expressed. We counted the total number of AVPproducing neurons in the hypothalamus of Maged1 2 mice and found no significant difference when compared with the wild-type controls (Maged1 + : 235 + 28, mean + SEM, n ¼ 6; Maged1 2 : 189 + 21, mean + SEM, n ¼ 5) (Fig. 7B ). The concentration of AVP was also unchanged, as determined by EIA (Fig. 7C) . Accordingly, water intake and diuresis, which are influenced by AVP, were unaffected in Maged1 2 mice (data not shown).
The reduced level of mature OT in the hypothalamus of Maged1 2 mice could be explained either by an abnormal development of OT-producing neurons or by a defect of the differentiated neurons to synthesize mature OT. We analyzed the expression of OT mRNA by ISH and observed that the number of neurons expressing OT mRNA in the hypothalamus of Maged1 2 newborns was similar to that of control Maged1 + littermates, indicating that OT neurons were generated in the absence of Maged1 (Fig. 8A ).
OT is a nonapeptide first synthesized as a precursor form, which is associated with the cargo protein neurophysin I (OT-Gly-Lys-Arg-neurophysin-I). During post-translational processing, neurophysin I is first cleaved to generate OTGly-Lys-Arg. This intermediate form is processed by carboxypeptidase E (CPE), resulting in the release of OT-Gly-Lys and OT-Gly. Finally, OT-Gly is converted by a-amidating monooxygenase (PAM) to produce mature amidated OT (41, 42) . We analyzed the production of OT precursor (OT-Gly-Lys-Arg-neurophysin-I) and intermediate forms (OT with 1, 2 or 3 additional C-ter amino acids) by immunohistochemistry (IHC) using antibodies specific for these forms: PS38 for the form associated with neurophysin I, and VA10 for the intermediate forms (5, 6) . Both antibodies stained a similar number of cells in the PVN of Maged1 2 and Maged1 + mice (Fig. 8B ). This suggested that the decrease in OT in Maged1 2 mice resulted from defective OT posttranslational processing. One possibility is an impaired maturation of the intermediate forms by CPE or PAM in OT-producing neurons. Alternatively, the stability of mature 
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Western blot analysis showed normal levels of PAM and CPE in the brain of Maged1 2 mice, excluding a gross deficiency in these enzymes (data not shown).
Acute injection of OT rescues the social memory of Maged1-deficient mice
In order to establish a causal link between the deficit in mature OT production observed in Maged1-deficient mice with their behavioral traits, we decided to test the effect of acute injection of OT in these mice. Central or peripheral injection of OT has been reported to rescue behavioral defects observed in mice deficient for OT or for the OT receptor (in the latter case, the OT-induced rescue of behavioral alterations was found to be mediated by the V1A AVP receptor) (43) (44) (45) (46) (47) . For instance, a single subcutaneous injection of OT rescued social memory and maternal care in mice deficient for CD38, a transmembrane receptor essential for OT secretion (48) . We used the same protocol and found that acute subcutaneous OT injection rescued the impaired social recognition of Maged1 2 mice. Indeed, after OT injection, Maged1 2 mice recovered a marked preference for the novel stimulus mice in the two-trial social recognition test (Fig. 9) . This demonstrated that the social amnesia of the Maged1 2 mice (or their reduced preference for social novelty) is a consequence of the impaired production of OT.
DISCUSSION
The MAGE genes encode multifunctional proteins that control cell cycle, differentiation and survival (49) . Some of these genes (called type I) are expressed exclusively in germ cells and in cancer cells, while others (type II) are expressed in various somatic tissues but predominantly in the nervous system (30) . MAGED1, MAGEL2 and NECDIN belong to the second category. Inactivation of Maged1 in mice has previously been shown to reduce neuronal apoptosis, to delay muscle regeneration and to disturb the circadian clock function (31, 32, 50) . We now show that loss of Maged1 leads to reduced social interactions and communication, decreased sexual motivation leading to infertility of the males, hypoactivity, increased self-grooming and anxiety-like behaviors. Maged1-deficient mice also show hyperphagia and develop late-onset obesity.
Maged1-deficient male mice have reduced levels of mature OT in the hypothalamus
Maged1 is expressed at high levels in the PVN and the SON of the hypothalamus, which are major sites of OT and AVP production. These neuropeptides are not only involved in the regulation of physiological processes such as lactation and water homeostasis but also play key roles in the control of emotional and social functions, including pair bonding, sexual behavior, social interactions and memory, and parental care (8, 10) . We found that the brain of the Maged1 2 mice contained very few neurons producing mature OT and a very reduced amount of mature OT. Normal numbers of neurons containing the precursor and intermediate forms of OT were observed, suggesting a deficient maturation of OT intermediate forms. In this case, we could expect an accumulation of immature forms of OT. A quantitative analysis of the amount of these immature peptides should be done to test this possibility and demonstrate the role of Maged1 in OT processing. Alternatively, an increased catabolism of mature OT in the absence of Maged1 could also explain these observations. We found that the levels of brain CPE and PAM, the enzymes responsible for the final steps of OT maturation, appeared normal. This is consistent with the normal production of mature AVP that also requires CPE and PAM (51-53). Interestingly, the level of mature OT is also reduced after loss of Magel2 (23). Magel2 and Maged1 are thus both essential for the production of normal levels of OT in the hypothalamus. The hypothalamus of the Magel2-deficient mice also contains reduced amounts of orexins while other neuropeptides like AVP and VIP are produced normally (27) . Altogether, these results show that a set of type II Mage proteins is required for the production of specific hypothalamic neuropeptides. The cellular and molecular mechanisms underlying this function of MAGE proteins will require further investigation. Maged1-deficient male mice display a severely impaired coital behavior
The impaired coital behavior of the Maged1 2 male mice does probably not result from OT deficiency. Indeed, no coital deficit has been reported in mice deficient for OT or OT receptor and these mice are normally fertile (54) (55) (56) . Very few mutant mice show specific defect of sexual behaviors. One of the best characterized mutants with abnormal sexual behavior is the aromatase knockout mouse (ArKO), which is deficient in estrogens (57, 58) . Administration of estrogens in these mice largely restored the male sexual behavior (59) . Unlike the Maged1 knockout, which seems to suffer from a general decrease in motivation, the deficits in sexual behavior of the ArKO, however, are specific in nature as these mice display normal levels of activity, exploration, anxiety and 'depressive-like' behaviors (60).
Maged1-deficient male mice develop progressive obesity
We showed that loss of Maged1 resulted in mild obesity associated with hyperphagia and hypoactivity. Excessive adiposity associated with reduced motor activity was also observed in Magel2 knockout mice (24) . OT is not a known direct regulator of spontaneous locomotor activity. Hypoactivity in Maged1 2 mice must thus involve dysfunction of other neural processes. In contrast, the hyperphagia of the Maged1 2 mice is likely to be caused by a decrease in OT production. Indeed, intracerebroventricular and peripheral administration of OT or OT agonists inhibit feeding and OT antagonists prevent this inhibition (61) (62) (63) . The regulatory role of OT in food intake is also supported by the fact that mice haploinsufficient for Sim1, which are deficient in OT, show increased food intake. Central injection of OT can rescue this phenotype (64) (65) (66) . The hyperphagia of the Maged1 2 mice could thus result from their deficiency of central OT. In contrast, loss of Magel2 causes hypophagia, which probably results from reduced levels of the neuropeptides orexin A and B (24) . Indeed, orexins stimulate appetite, and orexin-null mice are hypophagic (67) . Maged1 and Magel2 are thus both essential for the proper regulation of food intake. Interestingly, it has been shown recently that OT also has an anti-obesity activity by directly affecting adipose tissue metabolism via activation of the transcription factor PPAR-a (7). This peripheral action of OT may also explain the obesity of mice deficient for OT, OT receptor or Maged1. but no increased thigmotaxis. As a reduced motor activity was also observed in home cages, the reduced exploratory behavior in the open field could reflect a reduction in the general motor activity rather than anxiety caused by a novel environment. The elevated plus maze revealed increased anxiety of the Maged1 2 mice and their exaggerated self-grooming can also be interpreted as an anxious behavior. OT has been shown to work as an anxiolytic (68) . Indeed, endogenous release of OT in males during mating reduces anxiety behaviors (69) and administration of OT reduces anxious behaviors in a number of tests in male and female rodents (70) (71) (72) . Results from studies using knockout mice are less clear. Indeed, while female mice deficient for OT display increased anxious behaviors and increased susceptibility to stress (73, 74) , mice deficient for the OT receptor do not display increased anxiety-like behavior in the open field and elevated plus maze tests (however, they display increased selfgrooming) (45, 75) . The increased anxiety of the Maged1 2 males could thus be explained, at least in part, by their deficit in OT production.
Maged1
2 males display reduced social interactions and vocal communications
The Maged1 2 male mice spent less time interacting with unfamiliar mice in the reciprocal interaction test. In the threechamber test, they spent more time in self-grooming, avoiding direct interaction with the stimulus mouse. In the two-trial social recognition test, Maged1 2 mice showed impaired social memory. Such social deficits, evocating autistic behaviors, have also been described in mice deficient for OT or OT receptor, suggesting that the abnormal social behavior of the Maged1 2 mice is caused by their deficiency in OT (43) (44) (45) (46) 76) . We validated this hypothesis by showing that replacement of OT by subcutaneous injection did rescue the social memory of Maged1 2 mice.
Relationships between the OT and serotonin systems in the Maged1 2 mice
Mouri et al. recently described depression-like behaviors in Maged1-deficient mice that were generated independently (77) . The authors proposed that the depressive behaviors of their Maged1-deficient mice were caused by an alteration of the serotoninergic transmission resulting from an increased expression of the serotonin transporter (SERT). Indeed, according to the authors, Maged1 stimulates the ubiquitination of SERT and its subsequent proteolytic degradation. The rescue of social memory after injection of OT demonstrates that the OT deficit is a key determinant of at least some of the behavioral alterations displayed by the Maged1 2 mice. Interestingly, the OT and serotonin systems are involved in a bi-directional functional and organizational relationship. Indeed, OT appears to exert its anxiolytic effects by facilitating the release of serotonin through activation of OT receptors of serotoninergic neurons in the raphe nuclei (78) . Conversely, serotoninergic terminals mainly originating from the raphe nuclei modulate expression and release of OT in the PVN (79) (80) (81) (82) . This suggests the possibility that, in addition to the direct effect of Maged1 on the stability of SERT, OT deficiency could also contribute to the alterations of the serotoninergic system and associated phenotypes observed by Mouri et al. It has been recently shown that OT has an organizational effect on serotonin innervation. Indeed, a single OT injection in newborn prairie voles results in increased development of serotonin axons in the hypothalamus and cortical amygdala (83) . This suggests that OT could be essential for the normal development of the serotoninergic system and consequently that this system could be anatomically altered in Maged1 2 mice. Further investigations, using staining of serotoninergic neurons, are needed to test this hypothesis.
MAGED1 could be involved in autism
The reduced sociability, reduced vocal communications and increased self-grooming of the Maged1 2 mice evocate behavioral symptoms seen in people with ASD, which are characterized by severe deficits in socialization, communication and repetitive behaviors (1) . This suggests that MAGED1, the human ortholog of Maged1, could be involved in ASD. In addition, several observations suggest the implication of the OT system in the etiology of ASD. For instance, genetic and epigenetic modifications of the OT receptor gene have been associated with ASD (84 -86) . Moreover, the blood levels of OT are low in certain forms of ASD (87) . Interestingly also, the blood of some autistic children contains abnormally elevated levels of unmatured forms of OT (intermediate C-terminal extended, OT-X), which are not effective agonists of the OT receptor (88, 89) . In some of these children, the ratio of OT-X/OT was .10, indicating that they are unable to properly process OT (like the Maged1 2 mice). According to these observations, Green et al. proposed that the genes controlling the expression/synthesis/metabolism of OT could play a role in certain forms of ASD. An additional evidence for the role of OT in autism is that administration of OT to ASD patients has been shown to improve their social behaviors (90, 91) .
The fact that deficiency in Necdin and Magel2 results in behavioral disorders evocating ASD features also suggests a possible role for MAGED1 in ASD. Indeed, individuals with PWS (lacking expression of both NECDIN and MAGEL2) often display ASD (16, 17) . In addition, expression of Necdin appears to be reduced in neurons with maternal 15q11 -q13 copy number gains, the most common cytogenetic cause of autism (2, 18, 92) . In mouse, targeted inactivation of Necdin and Magel2 leads to decreased OT production and behavioral consequences reminiscent of autism. Indeed, Necdin-deficient mice display increased skin scraping activity in the open field test and improved spatial learning and memory in the Morris water maze (22) , whereas Magel2-deficient mice display altered serotonin neurochemistry and increased anxiety in novel environments (28) .
For all these reasons, it would be interesting to determine whether mutations or epigenetic alterations of MAGED1 (and also of NECDIN and MAGEL2) are associated with ASDs. Interestingly, despite the fact that no mutation targeting specifically MAGED1 has been associated with ASD (or any other phenotype in humans), several microduplications implicating MAGED1 (Xp11.23, nt 51 546 103-51 645 453) have been identified in patients with ASD (93-95).
In conclusion, we showed that loss of Maged1 in mice results in impaired male coital behavior leading to infertility. Maged1-deficient males also display behavioral abnormalities evocating ASD in humans, including reduced sociability, reduced communication, increased self-grooming and anxiety. Finally, Maged1 deficiency results in reduced motor activity and late-onset obesity. These phenotypes could be explained, at least in part, by a reduced level of mature OT in the hypothalamus probably caused by a deficient posttranslational processing of intermediate forms of OT. The molecular mechanisms linking Maged1 to the maturation of OT or to its metabolism remains to establish. Our observations thus demonstrate an important role for Maged1 in the control of sexual and social behaviors, anxiety, motor activity and energy balance.
MATERIALS AND METHODS

Mice
The Maged1-deficient mice used in this study have already been described (31) . As Maged1 is X-linked, Maged1 2 hemizygous and Maged1
+ wild-type male littermates were generated by crossing Maged1 +/2 females with wild-type C57Bl/ 6J males. All experiments were done with mice backcrossed for .10 generations in the C57Bl/6J genetic background. All manipulations on mice have been approved by the local ethics committee of the University of Namur and follow the European legislation.
In situ hybridization
ISHs were performed as described previously (29) . The OT probe was synthesized from a plasmid containing a fragment of OT cDNA (96) .
Immunohistochemistry
The protocol used for IHC has already been described (82) . Primary antibodies were as follows: AVP antibody (AB1565 Millipore), OT antibody (MAB5296 Millipore), VA10 and PS38 (5, 6) . Secondary antibodies were Alexa Fluor 488 goat anti-rabbit antibody or anti-mouse antibodies (Invitrogen).
Enzyme immunoassays
OT and AVP levels were determined using enzyme immunoassay kits (Assay Designs) in brain extracts including the hypothalamus (Bregma + 0.5 mm; Bregma 2 1.50 mm). Levels of serum, LH, FSH, testosterone and leptin were determined using EIA kits from Biocode (LH, FSH) or Assay designs (testosterone, leptin) accordingly to the manufacturer's instructions.
Gross neurological examination
Each mouse was transferred into a new cage and careful preliminary observations using a modified version of standard procedures for behavioral phenotyping of genetically modified mice were performed [Irwin screen (97) and SHIRPA (98)]. . Tactile perception was evaluated by scoring the mouse reaction to pinna and corneal touch using a cotton wire. The rating scale used for the assessment of sensory functions was the following: 0, no response; 1, response.
Rotarod test
This test measures the ability of an animal to maintain balance on a rotating rod (Bioseb, Chaville, France). This task requires a variety of proprioceptive, vestibular and fine-tuned motor abilities. Animals were submitted to three testing trials separated by 5 -10 min interval and during which the speed rotation accelerates from 4 to 40 rpm in 5 min.
String test (traction reflex test)
The apparatus was a wire stretched horizontally 40 cm above a table. Testing consists of three consecutive trials separated by 5 min interval. On each trial, the forepaws of the animal were placed on the thread. The latency the animal took to catch the wire with its hind paws was recorded (99) .
Grip test
This test measures the maximal muscle strength using an isometric dynamometer connected to a grid (Bioseb). Once the animal was holding the grid with its all paws, it was slowly moved backwards until it released it. The dynamometer recorded the maximal strength developed.
Tail flick test
The apparatus consisted of a shutter-controlled lamp as a heat source (Bioseb, Paris, France). Two consecutive trials with an interval of 1 min were performed at three different sites of the tail. For each trial, the tail of the animal was placed under the heat source. The time taken by the animal to flick its tail was recorded (cut-off 20 s).
Hotplate test
The mice were placed into a glass cylinder on a hot plate adjusted to 528C (Bioseb) and the latency of the first reaction (licking, moving the paws, little leaps) was recorded. Two consecutive trials with an interval of 15 min were performed. The first trial ended either immediately after the mouse displayed the first reaction or after 30 s if it did not show any sign of pain. The second trial ended either immediately after the mouse displayed a jump or after 3 min if it did not show any jump.
Shock threshold test
The mouse was placed in the fear-conditioning chamber and allowed to habituate for 30 s. Foot shock was then manually applied for 1 s, and behavioral responses noted. Shock levels began at 0.05 mA and increased in 0.05 mA steps with 30 s interval between the shocks, until both flinch (any detectable response) and vocalization were induced. After this point, shocks were increased in 0.1 mA steps until a jump (the mouse flinches such that the two hind paws leave the ground) was induced. A 1 mA cut-off was employed in this test.
Male sexual behavior
The sexual behavior of male mice was evaluated after exposition to hormone-stimulated females. Males were aged of 8 -14 weeks and housed in individual cages before the experiments. Females of 6 weeks were stimulated by injection of human chorionic gonadotropin and pregnant mares serum gonadotropin (100). The sexual behavior was recorded with a video camera. The time spent by the males in anogenital investigation was measured as well as the number of mounting events. Scoring was made by trained raters (inter-rater reliability .90%).
Olfaction
The habituation and dishabituation test for social odors was performed as described previously (101) . Briefly, mice were habituated for 10 min in the testing cage. After habituation, a whatman paper soaked with water was presented for 1 min at the top of the grid cage and it was replaced each minute for three times in total. During the 3 next min, urine collected from males was presented, and for the last 3 min, urine from females at different stages of estrous cycle was presented. The food retrieval test was used to evaluate the detection of non-social olfactory stimuli (101) . The time spent by the mice to find a pellet of food buried in the bedding was measured. Before the experiment, the mice were deprived of food for 16 h.
Reciprocal social interaction
Reciprocal social interaction was evaluated according to the protocol of Silverman et al. (102) with minor modifications. Reciprocal social interactions were tested in mice aged 17-22 weeks in a cage (425 × 266 × 155 mm). The floor of the cage was covered with a 0.5 cm layer of clean bedding. Subjects were individually housed in standard mouse cage for 1 h prior the test session. The subject mouse 2 was placed in the testing cage, with an age-and sex-matched C57Bl/6J partner. Interactions were recorded for 10 min. Investigative behaviors including anogenital and nose-to-nose sniffing were subsequently scored from digital videotapes by a highly trained observer blind to the genotype. After the habituation period, the subject mouse was enclosed in the middle room of the social box, and an unfamiliar mouse was enclosed in one of the corral and placed in a side chamber. After the introduction of the mouse stimulus, the doors were opened, and the subject mouse was allowed to explore the entire social box for a 10 min session. Measures were taken of the time spent in each chamber and of the number of entries into each chamber. The time spent by the subject mouse sniffing the stimulus mouse was also recorded.
Two-trial social recognition test
The two-trial social recognition test assesses the ability to recognize novel versus familiar congenerics (35) . Briefly, the subject mouse was habituated to the experimental setup for 10 min, consisting of one cage containing two corrals. After habituation, one stimulus female was introduced in one of the two corrals and interactions between the mice were recorded by video for 10 min. The female stimulus was then removed and, 30 min later, put back in the same corral while another female was placed at the same time in the other corral. Interactions of the subject mouse with the familiar and the novel female were recorded by a video camera. Scoring was made by trained raters (inter-rater reliability .90%).
Basic analysis of USV
Vocal communications between mice can be analyzed under precisely defined conditions (36) . USV emitted by adults (13 weeks) Maged1 2 and Maged1 + males were recorded, after stimulation by an aware C57Bl/6J female in estrous (37, 104) . USV were recorded with a Batbox duet USV detector (Batbox) in frequency division mode during 2 min after the introduction of the stimulus female in the cage of the male. The system allows the detection of USV between 17 and 125 kHz. The signals were recorded on a personal computer with Audacity and analyzed with Avisoft SAS Lab lite (Avisoft Bioacoustics) to count the number and the mean duration of USV.
OT injection
In order to test the possible rescue of social memory defect of Maged1 2 mice, we injected OT subcutaneously as described before (48) . Five international units of OT (Sigma # 04375) were injected subcutaneously 30 min before the first exposition to the stimulus mouse in the two-trial social recognition protocol.
Open field test
In the open field, the tested mouse is placed in a square box (600 × 600 mm) and allowed to move freely in the arena for 10 min, while its ambulation is recorded by a video-tracking system (Ethovision 6.1, Noldus; Wageningen, The Netherlands) for 20 min (105, 106) . The total distance covered by the animals, the fraction of time during which the animal moved and the time spent in the center versus periphery were measured.
Elevated plus maze
The elevated plus maze test was used to assess anxiety in mice. Briefly, mice were placed in an elevated plus maze consisting of two opposing open arms (exposed place) and two opposing closed arms (safer place). Time spent in each arm and distance moved were recorded by a video-tracking system (Ethovision 6.1, Noldus; Wageningen, The Netherlands) for 5 min (107).
Body composition by dual-energy X-ray absorptiometry scan
Body composition was measured using a dual-energy X-ray absorptiometry (DEXA) scanner (Lunar PIXImus2; GE Healthcare). All scans were analyzed using the PIXImus2 software (version 2.10). The head region was excluded from the analysis.
Metabolic analyses
Cohorts of Maged1
2 and Maged1 + 18-week-old male littermates were habituated in metabolic cages for 3 days before recording food intake, water drinking and diuresis daily during 5 days. Basal activity was evaluated in individual 'Physiocages' (Panlab-Bioseb, Vitrolle, France). Rearing and locomotor activities were measured during 48 h after 24 h of habituation.
Statistical analysis
All the quantitative data are presented as mean + SEM. The means were compared by unpaired t-test using the InStat4 software (GraphPad Software) except for the data obtained in the two-trial social recognition experiments that were analyzed using unpaired t-test or paired t-test. Differences with P , 0.05 were considered significant. 
